The contract-net-protocol (CNP) is used for agent interactions.
INTRODUCTION
Power systems are normally designed to meet the forecasted annual peak demand and to provide secure operation in case of credible contingencies. This is provided by system reinforcement and protection systems to ensure that the power system operation is safe, stable, reliable and economical. Because of the low probability of multiple contingencies in a system, no automatic system protection is generally provided to safeguard the system against mUltiple contingencies. However, many incidents of multiple contingencies have occurred in the past few decades throughout the world which had led to voltage instability and widespread blackouts such as the events of July 2, 1996, August 10, 1996 [1] and August 14, 2003 in North America [2] . Therefore, it has become a growing concern for the power utilities to develop a system-wide protection scheme to maintain the integrity of the transmission grid against such unpredictable multiple contingencies. This paper describes a decentralized multi-agent based voltage and reactive power control in the case of multiple contingencies to help in preventing system voltage instability characterized by a sudden decline in bus voltages and an increased amount of reactive generation in the surrounding area [3] . In recent years, the multi-agent system (MAS) has been applied in many fields of power engineering including fault diagnosis, network control, power system restoration, automation and market simulation [4] . MAS can facilitate self-organizations, self-steering and control paradigms with complex behavior even when the individual strategies of all their agents are simple. The multi-agent cooperative control protocol can coordinate a group of agents and achieve their group goals in real-time. For MAS to operate effectively, the power system can be divided into local zones, each having intelligent agents representing loads and generators. In this paper, an adaptive determination of the local zones has been developed based on the electrical distances among the generators and loads.
Both centralized and decentralized coordination strategies have been reported in the literature to control the agents in MAS [5] . However, when a system faces a catastrophic situation due to multiple contingencies, it is necessary to provide a fast emergency reactive power support to the affected region. This can be achieved using a decentralized coordination strategy of intelligent agents to avoid the delay in transferring information to the central controller from the affected areas, performing calculation and receiving commands from the central controller. In this paper, a decentralized coordination strategy of the local zones is proposed, where each local zone can make a quick autonomous decision to fmd the best solution for the power system following mUltiple contingencies to prevent voltage instabi Iity.
Many recent works have been reported in the literature for voltage control following system contingencies using MAS. A multi-agent collaboration protocol of secondary voltage controllers such as SVC and STATCOM to eliminate voltage violations in the pilot nodes has been proposed in [6] . The voltage controllers are treated as agents and a fuzzy logic learning algorithm has been used to train the agents. A similar approach using a different learning algorithm has also been proposed in [7] where the agents were trained by distributed reinforcement learning algorithm. Reference [8] used the contract net protocol to control the reactive power and voltage violation in case of a large disturbance. All these methods can provide voltage support to a certain extent depending on the reactive power capacity of the reactive power sources; however these papers have not taken into account the effect of not having enough reactive power capabilities and the need for load shedding. Reference [9] proposed a multi-agent technique for both the voltage and reactive power control to prevent voltage instability. In this method, the primary bus voltage is controlled by 'reactive power control' and the secondary bus voltage is controlled by 'voltage control'. While the proposed method can maintain the voltages in the substations between the allowable ranges, the method does not take into account the generators' over excitation and the subsequent exciter current limiter protection which can drive the system towards voltage instability. A multi-agent approach including emergency reactive power dispatch and load shedding has been proposed in [10] . The authors proposed a request-interaction protocol for V AR dispatch and contract-net-protocol for load shedding to control both the system voltage and generators' over excitation in case of multiple contingencies. However, the author did not mention any strategy to optimize the V AR rescheduling and load shedding. A multi-agent based distribution system voltage control using contract-net protocol has been proposed in [11] . An iterative negotiation between the agents has been suggested to correct the voltage in the distribution feeder. This method may take much longer time to find an optimum solution. Therefore, it cannot be applied during system emergency to correct the transmission voltages.
In this paper, a novel design of MAS using the existing SCADA based control structure is proposed. The remote terminal units (RTU), that can measure the electrical parameters such as voltage, current, power, frequency in the associated substations, will be used as intelligent agents. At first, the network will be divided into local zones, where the generators and the loads have maximum voltage/reactive power coupling. Then the agents in each zone will work cooperatively to find the optimum control action to achieve an acceptable post-disturbance equilibrium condition. The controls considered in this paper are varying the generator voltage reference setting and, as a last resort, load shedding. Reactive power sensitivity factors and voltage sensitivity factors to active and reactive power load have been formulated to determine the optimum amount of reactive power dispatch and load shedding.
II. ZONE IDENTIFICATION AND ZONE FORMATION
The effect of transmission line outages on the system is initially limited in a small zone, close to the point where contingency occurs. The power system, therefore, can be divided into local zones to utilize the limited geographical effect of the outage. These are the areas where the loads and the generators have sufficient electrical proximity so that when the system undergoes any critical disturbance, the actions of the controller in the affected zone can have more impact on the voltage improvement.
The concept of electrical distance developed in [12] provides a good measure to identify different zones in the power system. Electrical distance is the impedance path between different nodes of the system and measures the relative voltage coupling. The concept of electrical distance is used in this paper to identify the different zones of voltage and reactive power control within the power system.
A. Measures of Electrical Distance
Electrical distance has been used in a number of power system problems [12] [13] [14] . There are various definitions of measures for the electrical distance of a power system; however one of the simplest measures is the absolute value of the inverse of the system admittance matrix [15] :
This distance matrix [D] with elements dlj gives the active and reactive power sensitivity with voltage changes between bus i and j. The smaller the electrical distance, the higher the impact on the voltage change by the change in active and reactive power (for example due to a load shedding).
The elements of the bus admittance matrix are usually readily available, prior to the disturbances, from the control centre, and can be easily modified in case of contingency by the agents incorporating the system topology change into the bus admittance. This method has been adopted in this paper for real time local zone identification.
B. Defining Zones by Electrical Distance
The objective of dividing the system into different local zones, each having intelligent agents, is to be able to represent each as MAS. Each MAS can cooperate with other local zones to find the best solutions for the problems by autonomous control of the voltage and reactive power in each local zone rather than waiting for the command from the central controller. This requires that every local zone should include buses that can generate reactive power such as buses with generator, synchronous condenser, Static V AR compensator (SVC), and on load tap changers that can regulate voltage.
Hence, a zone is first defined such that the load buses are grouped with the reactive power generating units, which are closest to the load buses in terms of their electrical distances. This resembles the typical method of K-means clustering with the cluster centers fixed at the generator buses [16] .
Let, Xi represents a load bus at node i in the system and No is the number of generators/synchronous condensers. Sj represents a zone where j= {l,2, .... Nc}, then X, is chosen to be in zone S J if the following criterion holds: S j = {Xi :dij -::;, dikVl-::;, k-::;, Nc} (2) where dlj and dik are the distances between the load i and generators j and k, respectively. In this way, each load bus is grouped with its nearest generator and there will be No zones in the system with one generator in each zone. After forming all the zones, if some generators have very few load buses or no load bus, then it is not realistic to keep them as separate zones. It is better if they are combined with the neighboring zones.
C. Zone Adaptation after Contingency
Initially, the zones will be identified for the base case system without any contingency. Since the system topology will change after a contingency, such as due to transmission line outages, the electrical distances need to be recalculated using the modified bus admittance matrix [Y1 . If there are N buses in the system and M transmission line outages, the modified matrix [Y1 can be calculated as: According to the Inverse Matrix Modification Lemma (IMML) [13] , the inverse of [Y'] can be calculated as
where (5) (6) In this way, the electrical distance can be obtained quickly from the absolute value of the inverse of the modified system admittance matrix as given in (4) from the base case bus admittance matrix [y] , which is usually available in advance, prior to the disturbance.
III. VOLTAGE SENSITIVITY ApPROACH FOR DETERMINING OPTIMAL COUNTERMEASURES
In order to develop a real time control of voltage instability, the voltage sensitivity method could be used to calculate the appropriate amount of countermeasures such as the increase in the generator voltage reference setting and the amount of load shedding. The control algorithm should be able to determine the optimum value of the countermeasures to restore the load voltage magnitudes to a safe level within a reasonable time span and by a minimal amount of control actions.
In this paper, an attempt has been made to utilize the concept that the voltage increase in some selected generators/synchronous condensers would increase the load voltage magnitudes as well as relieve some of the generators whose reactive power have exceeded their reactive power limits. In some cases, the reactive power outputs of these generators would be brought back below the maximum limit allowing them to participate in the control of the terminal voltages. The other control variable is load shedding which will come into action if the load voltages are not corrected by the action of generators' terminal voltage increment and the operation of the automatic OL TC within a pre-specified time limit.
A. Varying the Generator Voltage Reference Setting
Assuming that each zone does not have the voltage information of the entire network, the voltage sensitivities with respect to the generators' reactive power outputs can be obtained from the decoupled load flow Q-V equation [17] which can be written in matrix form as:
where [B] is the imaginary part of the bus admittance matrix. The matrix given by (7) does not include the equations related to the generator buses in the traditional decoupled load flow formulation, because the voltages are specified for these buses. However in our proposed approach, the voltages of the generator buses will be varied to produce the necessary reactive power to reduce the reactive power deficit during post-contingency period. For this reason, the equations of the generator buses need to be included in Equation (7) . The generator buses and load buses can be separated where the matrix B can be partitioned into four sub matrices as follows:
where, I'lQG and I'l VG correspond to the reactive power and voltage changes in the generator buses, and I'lQL and I'lVL correspond to reactive power and voltage changes in the load buses, respectively. In the case of varying the generator voltage reference setting, the load is unchanged, i.e. I'lQL = 0, and equation (8) can be rewritten as:
The incremental relationship between the change in the load voltage and the change in the generator voltage can be obtained from (9) assuming BLL is non-singular: i1VL = -BZ1BLGi1vG (10) from which: i1 Q; / VG = [BGG -BGLBZlBLG]i1VG
(11)
Thus the load voltage sensitivity to the generator voltage change, denoted by SLV, is given by:
And the generator reactive power sensItIvIty to generator voltage change, denoted by SQv, is given by: largest voltage drop will be selected as the target bus for the countenneasures. The load voltage sensitivity in (10) corresponding to the target bus will be used to find the generator bus that is most sensitive to the voltage change in the target bus. In this way, the voltage in the target bus can be best improved by changing the voltage setting in the obtained generator bus. Once the most effective generator bus is found, and knowing the reactive power reserve (the reactive power limit minus the current reactive power output of the selected generator), the amount of voltage setting increase in the generator bus can be detennined from (11), which should result in the increase of the target load bus voltage.
B. Load Shedding
After the preliminary countermeasures of ratsmg the terminal voltage of selected generators and synchronous condensers, the on-load tap changers are allowed to change automatically to try to improve the load voltages for a fixed period of time. This period of time is chosen in such a way that a margin of time is given prior to the operation of the over-current limiter in the rotor field circuit to limit the reactive power output of one of generators which have exceeded their reactive power limit that can lead to the onset of voltage instability. If some load voltages are still below the lower limit at the end of the fixed period of time above, a strategic load shedding needs to be perfonned and the amount of load shedding can be calculated using the voltage sensitivity to active and reactive power load. Load shedding is a very effective mean of emergency voltage control if performed at right location, at the right time and at the right amount.
The decoupled load flow equations do not directly give the relationship between the voltage and the real power. Hence, to derive the load voltage sensitivity to active and reactive power load changes, the load flow equations are written in a rectangular form assuming a 'flat start' condition ( all the load voltages are 1 pu. and angles are zero) as given in (14):
where t.e and t.f are the real and imaginary parts of the voltage difference, G and B are the real and imaginary parts of the bus admittance matrix, and I'1P and t.Q are the changes in active and reactive power load, respectively.
From equation (14), the voltage difference can be expressed in terms of real and reactive power as: 
In the case of load shedding, the load power factor is assumed to be constant, and eqn. (17) can be rewritten as:
where, the power factor at node k is,
Equation (18) can be re-written in the following form:
where, the voltage sensitivity at bus i to the active power (and implicitly voltage sensitivity to the reactive power) load shedding at bus k is given by:
The load bus with the largest voltage drop after the fixed period of time specified is chosen as the target bus for load shedding. The load voltage sensitivity in (21) corresponding to the target bus will be used to find the load bus where the load shedding in that bus is most sensitive to the voltage change in the target bus. In this way, the voltage in the target bus can be best improved by shedding a minimal amount of load in the selected load bus. The amount of the desired voltage increase in the target bus can be determined from the difference between the lower limit of the target voltage bus and the current voltage value. Once the most effective load bus for the load shedding is found, the amount of load shedding in that bus can be determined from (18). The maximum amount of load available for load shedding in the selected load bus is the current load that can be interruptible in that bus. If the amount of load shedding calculated from (18) is less than the available interruptible load, then the desired voltage in the target bus can be obtained applying the load shedding in the selected bus. Otherwise, the above procedure will be repeated until the desired voltage at the target bus is achieved by successively applying load shedding in the next sensitive buses. In the practical implementation, the above detennination of the amount and the location of the load shedding will be calculated prior to perfonning simultaneous load shedding in the selected bus( es).
IV. MAS-BASED REACTIVE POWER AND VOLTAGE CONTROL
Modern power system is equipped with SCADA (Supervisory Control and Data Acquisition) that monitors and controls the entire system over a large area. The SCADA consists of a number of different devices communicating with each other, such as HMI (Human Machine Interface), MTU (Master Terminal Unit) and RTU (Remote Terminal Unit) [18] . A central MTU is located in the control centre which communicates with the RTUs. The RTU is a composite device that collects signal from a sensor and converts the sensor signal to digital data and sends them to MTU. It is also responsible for executing instructions coming from the MTU. The accessibility of information among the RTUs has been made possible by direct communication between RTUs.
Two types of agent have been considered for the proposed voltage/reactive power emergency control: Generator Agent (GA) and Load Agent (LA). GA takes the measurements of voltage and reactive power from the system and sends it to the control processing unit. The control processing unit also gets the messages from other agents through the communication interface. GA takes the necessary decision on the adjustment of the generator's terminal voltage based on the control algorithm and implements it through the actuator by changing the A VR reference voltage. The decision of load shedding is implemented by LA which also works in a similar fashion. It applies load shedding to the associated bus by opening the circuit breaker in the feeder through the interposing relay operation.
One of the important factors in designing a multi-agent system is the agent interaction to achieve a global objective. Therefore, the Foundation of Intelligent Physical Agent (FIP A) has developed certain interaction protocols using a standard set of communicative act with a well-defined semantics [19] . A widely accepted task sharing protocol in multi-agent system is the Contract Net Interaction Protocol (CNP) [20] . In this protocol, each agent is represented as a manager or a contractor. When an agent realises that it cannot solve the present task by itself, it announces the task to other agents in the system and act as a manager of that task. An agent that receives the announcement will decide whether it is capable of carrying out the task and if so submits a bid for the task as a contractor. The manager agent then receives the bids from the potential contractors and decides who should be awarded the contracts in order to achieve an optimal solution of the task. The contract awards are then communicated to the agents that have submitted the bids. The winning contractors then take the initiative to fulfil the assigned task. An agent can be simultaneously a manager and a contractor for different tasks. The negotiation process during the CNP is shown in Fig. 2 .
In the proposed multi-agent based emergency control system, the contract-net-protocol will be used for agent interaction. The GA can act both as a manager and a contractor, where as the LA will act as a contractor only. The step by step procedure of the negotiation strategy is given as follows:
Step 1: After a contingency has been identified in the system, the LA at each of the terminals of the outaged line broadcasts a message informing the event to all the neighbouring agents. The agents that receive the message update their electrical distances and subscribe to their nearest generator as described in section II. In this way, GAs obtain the information of the modified zone. The LAs that find their load voltages lower than the specified limit inform the GA the magnitude of the voltages and request for voltage support. The GA, after knowing the load voltage magnitudes in the zone, selects the load bus with maximum voltage deviation from the reference value as the target bus for the control actions. 
Fig. 2. Negotiation process during the CNP
Step 2: The GA in the violated voltage zone specifies a task of reactive power support issuing a call for proposal (CFP) to other GAs in the system and acts as a manager GA. The GAs that receive the message inform the manager GA of their available reactive power reserves and the terminal voltages. The manager GA after receiving all the bids from the Gas, or after the deadline, will calculate the amount of reactive support for the potential contractors. This will be assigned as follows:
The generator i with the highest voltage sensitivity factor, Su{tg,i) to the target bus voltage and with a positive reactive power reserve will be chosen first to dispatch. The amount of reactive power increase f1QcI by GA i can be calculated as:
where �g and ��l/n are the current voltage and minimum operating voltage of the target bus respectively, f1QRi is the reactive power reserve of the i-th generator, and VCI and Vc:ax are the current terminal voltage and maximum terminal voltage of the i-th generator respectively. If the amount of reactive power is not sufficient to raise the target bus voltage to the desired value, the reactive power reserves of the generators are updated as:
where f1QRiold) is the previous reactive power reserve and f1QRinew) is the updated reactive power reserve. The generator with the highest value of the sensitivity factor and with a positive reactive power reserve is selected again as the next candidate to increase the reactive generation. The process is repeated until the desired voltage support at the target bus is achieved or the limit constraints are met. The manager GA then sends an accept-proposal act to the contractor GAs to increase the terminal voltage of the 978-1-4673-5202-4/12/$31.00 © 2013 IEEE generator by the specified amount. The process of the optimal reactive power dispatch is shown in the flow diagram in Fig.  3 .
Step 3: After completing the reactive power scheduling task, the manager GA waits for a fixed period of times to allow other normal voltage control actions to operate, such as switched capacitors, OLTC, etc. If the target bus voltage does not come within the limit by the end of the fixed period, the GA initiates the load shedding procedure. The GA sends a call for proposal (CFP) to the LAs in the zone. The LAs reply with their load voltages and load active and reactive powers. The amount of load shedding is calculated following the same procedure described in step 2. First, the load bus i with the highest value of sensitivity Sv/Jtg,i) is selected to shed the load. The load shedding amount !'!..P L is calculated as:
where Pu is the current load of bus i. If the specified load shed at bus i does not bring the target voltage over the minimum limit, the load bus with the second highest value of sensitivity is selected for further load shedding. This continues until the target bus voltage come within the limit. The proposed multi-agent system is different to that described in [11] , as the communications between the generator and load agents are assigned in a single time step rather than iteratively as suggested in [11] . This reduces the communication overhead between the agents. After the target bus voltage has been controlled to be within the limit, the GA checks whether there is any other voltage violation in the zone or not. The process is repeated until all the voltages come within allowable limits as shown in Fig. 3 .
V. TEST RESULT
In order to evaluate the effectiveness of the proposed MAS based emergency control scheme, the IEEE-57 test system [21] shown in Fig. 4 has been simulated using PSAT to carry out the proposed emergency reactive power and voltage control. The IEEE-57 test system has seven synchronous machines, each of which is modeled by a six order machine model including the type II Automatic Voltage Regulator (A VR) and over-excitation limiter (OXL) model. Initially, the electrical distances of all the buses prior to the contingency are calculated using (3) and the zones are defined using the clustering approach given by (4) . Each load bus is grouped with its closest generator in terms of electrical distance as shown in Fig. 4(a) . However, the generators at bus 1, 2 and 6 have very small areas. Therefore, they are absorbed into the neighboring zones and finally four zones have been chosen for the pre-disturbance base case system as shown in Fig.  4 
(b).
A. Case 1: Line Outage 0/36-37 and 37-38
The loss of lines 36-37 and 37-38 is simulated to test the proposed emergency reactive power and voltage controller. This has resulted in changes to electrical distances and required the re-zoning of some of the buses as shown in Fig.  5 . The voltage profile of all buses prior and after the disturbances is shown in Fig. 6 . Fig. 6 shows that lowest voltage after the disturbance is at node 34. 
B. Reactive Power Dispatch under Emergency
When any of the load voltage drops below a pre-specified limit, the emergency reactive power dispatch is activated. It is recommended to wait until transients have settled down and agents will start the negotiation process after 10 sec, if the voltage violation still occurs. During the lOs period, the LAs update the electrical distances and subscribe to the nearest generator to set up the zones, each of which can act like a MAS. In this case, only the generator at bus 9 (GA 9) has exceeded the maximwn reactive power and the load voltages that have gone below 0.9 pu are also in zone 3. As a result, the countermeasures will be initiated only in zone 3. The load agents having bus voltages below 0.9 pu send request message to GA 9 in zone 3 for voltage support. The GA 9 in zone 3 finds the maximum voltage deviation at bus 34 and sets this bus as the target bus for the control actions. At first, GA 9 initiates the CNP for reactive power dispatch and sends a CFP to other generators. It is anticipated that the deadline for sending proposals is short enough to ensure quick responses from the generators. As a result, not all the generators in the system will be able to respond due to communication delay. The figures in the bids correspond to each generator's terminal voltage (in pU), current reactive power generation and maximum Q limit (in MY AR), respectively. GA 9 knows its own generator's terminal voltage, the Q-output and the Q limit which are 0.97981 pu, 13.43 MY AR and 9 MY AR, respectively. Once GA 9 gets these values, it calculates the amount of voltage increase for the candidate generators and sends these dispatch awards to the agents which are: GA 8: 0.0815 pu., GA 9: 0.0578 pu., GA 12: 0.0398pu. Notice that GA 9 also increases its terminal voltage although initially its Q output was over the maximum limit. This is because the other two generators have increased the reactive power generation resulting in GA 9 reactive power to go below its reactive power limit and hence the terminal voltage of GA 9 is allowed to be increased. Once the GAs receive their contracts, they increase their voltages accordingly by increasing the A VR reference voltages.
C. Load Shedding Under Emergency
In this case, the deadline for load shedding is considered to be 30 seconds i.e. after 30 seconds of the disturbance, if the voltages and reactive powers are not within limits, the GA will start the load shedding procedure. After 30 seconds, the lowest bus voltage is found to be 0.78759 pu at bus 34. As a result, GA 9 select this bus as target bus and starts the load shedding procedure. GA sends another CFP to the LAs in the zone. The LAs reply with the current voltage and power. Then GA 9 starts the process of load shedding. The solution is converged with 6 MW load shedding at bus 35 and 2.97 MW load shedding at bus 33. After applying the specified amount of load shedding, the target bus voltage is found to be 0.90982 pu, which is within the limit and no other voltage violation exists. So, the MAS comprehends that a solution has been obtained and stops the control process. The improvement in the load bus voltages and the generator reactive powers are shown in Fig 7 . Before applying this contingency, the system load was increased by 20 percent except for those buses where load increase causes voltage violation. This case has been selected to show the effectiveness and performance of the proposed MAS based control strategy in the case of more than one zone is affected. After applying the contingency, the zones are modified according to the electrical distance which is shown in Fig. 8 .
In this case, both zones 1 and 4 are affected and the target buses for these zones are bus 31 (0.83792 pu) and bus 32 (0.8594 pU), respectively. So, GA 8 and GA 12 start the control procedure and send CFP for generator reactive power scheduling. Assuming that GA 6 responds to GA 8, and GA 1 responds to GA 12, the submitted bids for these generators are: At 30 sec, the target bus voltages are still below 0.9 pu (0.86224 pu at bus 31 and 0.87273 pu at bus 32). As a result, GA 8 and GA 12 start the load shedding procedure in their zones, namely zone 4 and zone 1, respectively. In this case, the amount of load shedding as calculated by the manager agents are 2.6 MW at bus 31 in zone 4 and 2 MW at bus 32 in zone 1. When the LA 31 and LA 32 shed the specified amount of load, the voltages at these buses rise to 0.9006 pu and 0.8998 pu, respectively. Since these values are within the tolerance limit of 0.001 pu, the solution is accepted. All the load bus voltages are within the acceptable limits (0.9-1.1 pu) as shown in Fig. 9 . 
VI. CONCLUSION
Within the structure of modern power system control, a multi-agent based emergency control scheme under multiple contingencies has been proposed in this paper. The simulation results show the effectiveness of the proposed control strategy to maintain acceptable voltage profile under emergency conditions. This method can provide quick and effective voltage support in system contingencies when the disturbances in the affected zone can be identified. However, it is necessary to facilitate interaction among the neighbouring zones when more than one zone is taking countermeasures to account for the effect of the overall control action. The main contribution of the paper is the novel adaptive determination of the local zones and the development of a multi-agent decentralized control algorithm to determine the most optimum countermeasures at zones near the disturbances to maintain the load voltages and reactive power outputs of the generators in the allowable operating limits.
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